The two haploid genome sequences that a person inherits from the two parents represent the most fundamentally useful type of genetic information for the study of heritable diseases and the development of personalized medicine. Because of the difficulty in obtaining long-range phase information, current sequencing methods are unable to provide this information. Here, we introduce and show feasibility of a scalable approach capable of generating genomic sequences completely phased across the entire chromosome.
haplotype | phased sequencing | single chromosome sequencing | SNP A lthough high-density SNP arrays can measure the genotypes for millions of SNPs across the genome, these genotypes are not phased. The generation of phased genotypes, which is critically important for many genetic analyses (1, 2) , is a longstanding challenge in human genetics. At present, the most powerful way to obtain phase information on a genome-wide scale is to rely on data from relatives. In the HapMap project (3, 4) , common European haplotypes are inferred from SNP array profiles from 30 mother-father-child trios of European descent. In Iceland, where a significant percentage of the extant population has been genotyped, data from distantly related individuals can be exploited to infer long-range haplotypes (5) . However, because of difficulty in obtaining family data, largescale studies, including most genome-wide association studies, are usually based on unrelated individuals, and phase information is inferred by statistical methods (6) . This approach, however, only works for markers that are very close to each other. Ultimately, experimental approaches remain the most attractive solutions to the phasing problem. Current approaches include using emulsion PCR to condense polymorphic sites from a single template (7, 8) , genotyping from diluted aliquots of DNA fragments (9) , allele-specific imaging of long-range PCR products (10) , using long-range polony (11) , genotyping from sperms (12) , and isolating single chromosomes by interspecific cell fusion (13) . Most of these methods were designed for haplotyping only a small number of markers. An exception is a method that performs SNP array profiling after chromosome microdissection (14) .
Because new generation DNA sequencing has revolutionized many biomedical areas (15), we ask whether it can be adapted to solve the long-range phasing problem. In current protocols, DNA extracted from a large number of cells is fragmented, amplified, and then, sequenced in a parallel manner. Massive parallelism allows the generation of a sufficient number of short sequences (reads) to cover the genome many times. By aligning the reads, it is possible to reconstruct the two alleles in any given small region. However, phase information between parental allelic sequences in two nonadjacent regions is usually not recoverable, regardless of the number of short reads. To overcome this problem, we use chromosome sorting to isolate single copies of a chromosome. Each copy is separately amplified, and the products are tagged by a short stretch of nucleotides before being pooled together (multiplexed) for massively parallel sequencing (Fig. 1) . The tag allows us to assign a read back to the single chromosome copy that gave rise to it. We then perform statistical analysis based on the status of polymorphic sites to cluster the single copies of the chromosome into two clusters so that the copies in the same cluster are from the same parental allele. In this way, if a sufficient number of reads has been sampled from each allele, we can reconstruct the paternal and maternal haploid genome sequences separately. Below, we describe the steps of this method, which we name Phase-Seq, in a proof of principle experiment.
Results
We obtained blood samples of a donor individual and collected single chromosomes using FACS-mediated single chromosome sorting (16) , which identifies each chromosome by its distinct bivariate distribution of fluorescent signals from the staining of Chromomycin A3 (binds Guanine-Cytosine-rich regions) and Hoechst 33258 (binds Adenine-Thymine-rich regions). We collected and amplified 28 single copies of chromosome 19 (Chr19) separately along with 12 control samples (Materials and Methods). Chr19-specific DNA sequences were verified on the single chromosome samples and positive controls, but not on the negative controls, using sequence-specific PCR primers. We then sequenced the 28 single chromosome samples in a multiplex sample format, which included 12 samples per lane on an Illumina GAIIx sequencer, with each sample uniquely identifiable by a six-base index tag. Five lanes of sequence image data were obtained and analyzed using the next_phred software by Phil Green. Fig. 1 illustrates the workflow. Fig. 2 shows that the reads predominantly map to Chr19 ( Fig.  2A) . Alignments to other chromosomes generally have much lower mapping quality scores (Fig. 2B) . The percentage of the reads mapped to Chr19 increases from 40% to 93% when the mapping quality score cutoff is increased from 0 to 100 (Fig. 2C) . These results indicate that we were able to obtain copies of Chr19 with high specificity and that the amplification and sequencing procedures preserved this specificity.
To analyze the distribution of the reads, we divided Chr19 into nonoverlapping windows of 100 Kb. For each window, we computed the percentage of positions within the window that is covered by reads. The result (Fig. 3A) shows that generally about 40% of the positions are covered, and 20% are covered by five or more reads. Exceptions to this are the centromere region, which has no reads, and a 4.5-Mb region, which has lower than average counts. Excluding the centromere region, the largest gap is 63 Kb in size, and only 40 gaps are larger than 5 Kb (Fig. 3B) . The sum of all gaps of size larger than 1 Kb is 4,579 Kb, which is still a small fraction of Chr19. Thus, the amplification from single chromosomes had yielded a relatively unbiased coverage of the whole chromosome.
The reads were then assigned to individual single chromosomes according to the unique tag sequence for each sample; 9 of 28 tags have very low read counts, indicating failure of amplification. These were removed from all subsequent analysis. For the remaining 19 tags, we attempted to associate each of them with one of the two parental alleles. Using the de novo SNP calling program phastlane of the next_phred package to analyze each lane separately without using the tag information, we obtained 12,326 putative SNP positions that are either heterozygous or homozygous (i.e., identical in the two haploid genomes but different from the corresponding base in the reference genome sequence). Base identities at these positions from sequencing reads were analyzed, and the pair-wise consistency between pairs of tags of reads containing these SNPs was obtained. As shown in Table 1 , single chromosomes can be cleanly divided into two clusters (Materials and Methods has the computation of consistency indexes and clustering). Cluster 1 has 10 single chromosomes corresponding to tags 1, 3, 7, 8, 9, 10, 11, 14, 23, and 24 . Cluster 2 has nine single chromosomes corresponding to tags 2, 4, 5, 6, 12, 15, 16, 19, and 22. The within-cluster agreement is excellent (average consistency = 97.5%). The between-cluster consistency is much lower (around 50%) but not close to zero, because there must be agreement between tags on the homozygous SNP positions. We concluded that the single chromosomes within a cluster can be regarded as copies from the same parental allele of Chr19. In total, 176,676 reads were assigned to allele 1 (of Chr19), and 162,049 reads were assigned to allele 2.
Making use of the read to parental allele association, we scanned Chr19 for heterozygous SNP positions, where there is a consensus call for each allele but the two consensus calls disagree with each other, and also for homozygous SNP positions, where the consensus calls for the two alleles are identical to each other but different from the reference sequence. In total, 5,281 heterozygous SNPs and 3,159 homozygous SNPs were detected (Materials and Methods), with a combined transition/transversion (Ti/Tv) ratio of 2.16 (consistent with the typical value observed for humans). To see if these numbers are reasonable, we compared them with a study that reported a total of 1,762,541 heterozygous SNPs in the genome of Dr. Craig Venter (17) . This suggests that about 35,250 heterozygous sites on Chr19 could be expected for an individual. In our experiment, about 15% of the positions on Chr19 are covered by at least 10 reads when aggregated across all tags (Fig. 3) ; therefore, assuming that a minimum coverage of 10 reads is needed to make an SNP call (Materials and Methods details the SNP scanning criteria), we expect to detect 5,287 heterozygous SNPs. Thus, the number of heterozygous SNPs detected from our data is in line with expectation. Of 5,281 heterozygous SNPs detected from our data, 4,633 match to refSNP positions; of 3,159 homozygous SNPs, 2,709 match to refSNP positions. The higher than 85% validation by refSNP suggests that our SNP calling method is highly reliable and that most of the remaining 1,098 SNPs not found in refSNP are novel and private SNPs in this individual. It is worth emphasizing that all of the detected SNPs are completely phased relative to each other, regardless of distance.
A significant portion of the heterozygous SNPs that we identified, 2,815 of 5,281, maps to the transcription unit of 1,185 RefSeq genes on Chr19; 281 of the heterozygous SNPs map to RefSeq exons, and 137 heterozygous SNPs map to RefSeq coding regions. Among the 3,150 homozygous SNPs that we identified, 1,438 map to 807 RefSeq transcription units, 150 map to RefSeq exons, and 72 map to RefSeq coding regions (Table S1) ; 72 heterozygous SNPs and 34 homozygous SNPs result in nonsynonymous change in RefSeq coding regions (Table S2 ). The key role of genetic variants in regulating allele-specific gene expression and alternative splicing was recently shown through RNA sequencing (18, 19) . These analyses will be enhanced and Fig. 3 . Distribution of reads along Chr19. (A) The full span of Chr19 is divided into about 600 nonoverlapping windows of size 10 5 base each, and the counts of high-quality reads (next_phred mapping quality ≥100) for each window are displayed as color-coded data points, indicating the percentage of bases in each window being covered by the reads for at least one (red), two (green), five (purple), and twenty (blue) times. (B) Plot of total size of all gaps exceeding a certain size threshold. Details are given in Inset (e.g., there are 18 gaps larger than 10 Kb, and in total, they covered 475 Kb of Chr19).
extended by using the completely phased SNP information uncovered from Phase-Seq.
Finally, based on the insertion/deletion (indel) calling function in next_phred, 202 small indels of sizes 1, 2, or 3 bp were discovered and phased throughout Chr19 (Materials and Methods and Datasets S1, S2, S3, S4, S5, and S6). We also attempted to detect larger indels by mapping split reads but found that most of the large indels detected this way map to Short Interspersed Nuclear Elements or other repeat regions, which we regard as unreliable. In future studies, the use of pair-end sequencing or third-generation technologies capable of long reads should enable reliable detection and phasing of large indels by Phase-Seq.
Discussion
Our approach should be scalable to larger studies. Modern FACS instruments are capable of sorting thousands of single chromosomes into collecting wells in a very short time. Using bivariate FACS sorting with Chromomycin and Hoechst staining, most chromosomes can be reliably resolved. The four remaining chromosomes (Chrs 9, 10, 11, and 12), which have similar bivariate distribution patterns under FACS, can be resolved by molecular typing after chromosome sorting and amplification. Molecular typing also serves as a quality control for sorted chromosomes. By increasing the length of the oligonucleotide tag, one can multiplex hundreds of single chromosome-derived samples, and the amplification and tagging workflow can be automated in a 384-well format. Because the capacity of new generation sequencers are still increasing at an exponential rate, there should be no fundamental barrier to the scaling of this method to large-scale personal genome sequencing projects.
In this study, we have analyzed many copies of each parental allele of the chromosome to establish clearly the feasibility and reliability of Phase-Seq. The number of single copies that need to be sequenced may be substantially reduced if unphased genome sequences are already available and we are only using Phase-Seq to obtain haplotypes on the polymorphisms detected from the unphased sequences. Thus, future personal genome sequencing projects might use both unphased and phased sequencing. Further investigation will be necessary to understand the tradeoffs between the two for large-scale studies.
Heterozygous SNP discovery based on our approach should be more reliable than that from traditional (unphased) genome sequencing. This is because, in our heterozygous SNP calling procedure (Materials and Methods), we require not only a bimodal distribution of reads over the nucleotide identities (i.e., two different nucleotides each appearing multiple times) but also that the reads containing the same nucleotides must have tags mostly associated with the same parental allele. This is a powerful restriction that makes variant calling much stronger at heterozygous bases in the person's diploid genome.
Long-range phase information is important for studies of human diseases, development, adaptation, and population history. For example, the association of haplotypes as large as 12 Mb was found to be significant for transplant rejection (20) . Admixture mapping (reviewed in ref. 21 ) of disease loci may be made more powerful if phasing can be directly determined rather than inferred through complex statistical models. Long-range haplotype information is important in understanding distal in cis regulation of spatially and temporally specific gene expression in development (22) . Studies of human adaptation may benefit from a better ability to determine long-range haplotypes, which are signals of recent positive selection (23, 24) . Determination of recombinant haplotypes provides insight into population history (25) . Last but not least, Phase-Seq provides a foundation for resolving the roles of parental origin-specific genetic variants in disease association, allele-specific gene expression, and alternative splicing (1, 18, 19) . These are just a few examples of the potential utility of phased genome sequence information, and researchers in many areas of biomedicine will find an enabling tool in Phase-Seq.
Materials and Methods
Blood Sample and Chromosome Preparation. Human blood samples for chromosome sorting donated by an anonymous donor were obtained. Each sample is tested free of viral infection before experiment. Chromosomes were prepared by using a slight modification of a described method (26) . Approximately 8 mL of residual leukocytes obtained from Leukocyte Reduction System chamber pheresis were first enriched with RosetteSep DM-L (StemCell For a given pair of tags, consider all SNP positions detected by next_phred that are supported by three or more reads of mapping score ≥100 from each tag in the pair. The pair-wise consistency index is defined as the percentage of such SNP positions where the same nucleotide (C, G, A, or T) is found to have the highest frequency in each of the two tags. The bottom row displays the accumulated count for a tag used in the pair-wise comparison.
Technologies). The lymphocytes were washed two times with PBS + 2% FCS and were counted before cultured at 0.5 × 10 6 cells/mL in RPMI complete medium containing 10% FCS and 10 μg/mL Phytohemagglutinin-M (Roche). After 50 h incubation (37°C and 5% CO 2 ), Demecolcine (Sigma) was added to the medium at 0.1 μg/mL, and the cultures were harvested 14 h later.
To prepare chromosomes for sorting, the cells were first swelled in freshly made hypotonic solution at room temperature for 10 min. Then, the cells were spun down, and the pellet was resuspended in ice-cold polyamine buffer for 15 min. To break the cell walls, the cells were vortexed vigorously for 30-60 s at 4°C, and the cell suspension was transferred into 1.5-mL Eppendorf tubes. Subsequently, the nuclei were removed from the chromosome suspension by centrifugation at 100 × g for 3 min; 750 μL of chromosome suspension were placed into 12 × 75-mM tubes for the flow cytometer. To stain the chromosomes, 20 μL Chromomycin A3, 2 μL Hoechst 33258 stain, and 20 μL 100 mM magnesium sulfate were added to each tube.
Influx Setup for Chromosome Sorting. Chromosome sorting was performed on a BD InFlux cell sorter. A 70-μm nozzle was used with a sheath pressure of 40 psi. Excitation of Hoechst and Chromomycin was done with a solid state 100-mW, 355-nm laser and a 200-mW, 457-nm laser, respectively. Emission of the Hoechst fluorescence was collected with a 460/50-bandpass filter, and the Chromomycin fluorescence was collected with a 550/50-bandpass filter. The UV laser was timed as the first laser, and detection was triggered by Hoeschst fluorescence. For Phase-Seq analysis, individually sorted chromosomes were collected in a well of a low-profile 96-well unskirted PCR plate (Bio-Rad), and the plate was sealed and stored at −80°C in a freezer before the experiment. The stream control was collected in 1.5-mL DNase/RNasefree Eppendorf tubes.
Single Chromosome Amplification. Twenty-eight single Chr19s, along with twelve controls (negative controls: no target, FACS stream; positive control: human total DNA), were separately amplified using the Picoplex WGA Kit (Rubicon Genomics) according to the manufacturer's protocol (version R30050-09). Amplified DNA was then column-purified. Using sequencespecific PCR primers, Chr19-specific DNA sequences were verified on the amplified single chromosome samples (except the low-yield ones) and positive controls but not on the negative controls.
Multiplex Illumina GAIIx Sequencing. The adapter pair used in Illumina GAIIx sequencing was synthesized by Elim Biopharmaceuticals. The adapter pair set consists of two designs. Design 5′-PE-Tag-Picoplex-3′ (PETP), in which the standard Illumina PE1/PE2 adapter pair 5′-ACACTCTTTCCCTACACGACGCTC-TTCCGATCT-3′ and 5′-CTCGGCATTCCTGCTGAAC-CGCTCTTCCGATCT-3′, each part adjoined in tandem with a 6-base multiplex tag (Table S3 ) (M. Matvienko, University of California, Davis, CA) and an 18-base Picoplex linker sequence, was introduced through PCR onto the ends of amplified single chromosome DNAs. This Picoplex linker served as a linker to adjoin the Illumina PE adapter/multiplex tag pair to the Picoplex amplified DNA, as in the case of standard Illumina PE adapters. A subset of experiments used an alternative adapter pair set design, adapter pair set 5′-PE-Nonamer-Tag-Picoplex-3′ (PENTP), which introduced a stretch of nine random nucleotides (random nonamer) placed between the Illumina PE adapter sequence and the six-base multiplex tag. Illumina PE sequencing libraries were then generated according to Illumina's standard protocol, except that, to preserve the single chromosomeamplified DNA, the libraries consist of a size distribution of 200-1,000 bases rather than being size-selected to a narrower range. Unincorporated adapters and adapter dimmers were removed from the libraries using the Agencourt AMPure XP system (Beckman Coulter). The six-base multiplex tag allowed 12 sequencing libraries to be combined into one pool and loaded onto a single lane on the Illumina GAIIx system for single-read 101-base or 108-base runs (Ohio State University Nucleic Acid Shared Resource Facility). The Illumina sequencing short-read data are available in the National Center for Biotechnology Information (NCBI) short-read archive (http://www.ncbi. nlm.nih.gov/Traces/sra/sra.cgi) (accession no. SRA026487.1).
Sequence Data Analysis. The image data from Illumina GAIIx sequencing were analyzed using the next_phred software package. Briefly, image data were processed through an initial base-calling process aligned to the February 2009 human whole-genome reference sequence (GRCh37); the base-calling process was then calibrated, and cluster reads were obtained. Based on next_phred's base-calling quality score and excluding the adapter sequence, the reads were end-trimmed and aligned to the human whole-genome reference sequence, allowing a next_phred mapping quality score cutoff of 100 or 60 and individual base next_phred quality score cutoff of 15. See SI Text for alignment code.
Complete Phasing by Clustering of Single Chromosomes into Parental Allele Groups. Because amplified DNA from each single chromosome is absolutely in phase with each other, there are only two types of haploid chromosomes (i.e., two parental alleles for Chr19) among the 28 single Chr19-derived samples. Of 28 Chr19s, 9 gave rise to very low numbers of tagged reads. We removed these tags from all subsequent analyzes. We determined the tag association for the sequencing reads with the remaining tags, keeping only reads with a next_phred read quality score average of 15 or higher on the six-base tags. To cluster the tags into two groups corresponding to the two parental alleles, we first asked, for each pair of tags, whether their reads at polymorphic sites are consistent with each other. For a given pair of tags, we examined a set of SNP sites on Chr19 and obtained a consistency index for the tag pair by computing the percentage among this set of sites at which we have identical majority vote from the tags. The majority vote from a tag at an SNP site is defined as the nucleotide (G, C, A, or T) with the highest read count from that tag. It is important that a reliable and unbiased set of SNP sites is used in the above computation of the pair-wise consistency indexes. To obtain this set of SNPs, we applied the de novo SNP calling program phastlane of the next_phred package to analyze the aligned reads. In total, phastlane output 12,326 putative SNPs, of which 7,709 are putative heterozygous SNPs with two or more base identities and 4,617 are putative homozygous SNPs with only one base identity, which is different from the reference sequence. Because the phastlane computation did not make use of the tag information, it did not induce any bias on the consistency indexes between pairs of tags. Therefore, if the two single chromosomes associated with the two tags are copies of the same parental allele of Chr19, then the pair-wise consistency index should be very close to one. However, if the two single chromosomes are copies of different parental alleles, then their consistency index should be much lower than one, because the consistency should be close to zero on heterozygous SNPs. We applied filtering criteria for these putative SNPs using an individual base quality score of 15 or higher and a next_phred mapping quality score of 100 or higher for the associated read. To further increase the reliability of clustering, in our actual computation of the pair-wise consistency index, we removed any phastlane-detected SNP positions that had less than three reads from either one of the tags before we computed the percentage of positions where the two tags agree on their majority vote. Scanning of Heterozygous and Homozygous SNPs. Making use of the tag to parental allele association, we then scanned the whole Chr19 to obtain SNP positions. First, we filter out low-quality reads using the following criteria: next_phred mapping quality score of 60 or higher for the aligned read and individual base quality score of 15 or higher for the putative SNP. For each position in Chr19, define n1 as the number of reads from allele 1 that support the most frequent base at this position, and m1 as the number of reads that support the next most frequent base. Similarly, define n2 and m2 from allele 2. The position is called a heterozygous SNP position if (i) the most frequent base in allele 1 is different from that in allele 2, (ii) n1 ≥ 4, n1 − m1 ≥ 2, and n1/m1 ≥ 1.5, and (iii) n2 ≥ 4, n2 − m2 ≥ 2, and n2/m2 ≥ 1.5. It is called a homozygous SNP position if condition i is replaced by the condition that the most frequent base in allele 1 is identical to that in allele 2 but different from that in the reference genome. We note that this is a stringent calling procedure that requires at least four reads from each allele as well as additional conditions on the distribution of reads within the same allele. By this method, a total of 6,444 heterozygous SNPs and 3,694 homozygous SNPs were identified. To increase SNP detection sensitivity, we used all of the reads with next_phred alignment scores ≥60 (instead of 100) in the above scan. Because the consensus calls may not be as reliable as ones achieved based on reads with alignment scores ≥100 as in the computation of pairwise consistency (Table S4) , we attempted to assess the reliability of a consensus call for each allele at each detected SNP position by computing its consensus score, which is defined as the ratio of the number of reads supporting the consensus call to the total number of reads at that position from that allele. Fig. S1 shows the distribution of the consensus scores from both alleles and all heterozygous SNPs. The distribution seems to be bimodal, with a dividing value around 0.8. The calls with low consensus scores may be contaminated by poorly aligned reads. We, thus, removed any SNP positions where one or both consensus calls have low consensus score values (<0.8); 5,281 of 6,444 heterozygous SNPs and 3,159 of 3,694 homozygous SNPs remain after this filtering step. To calculate the Ti/Tv ratio, all SNPs from either parental allele that make the consensus score cutoff were compared against the reference genome. These SNPs spanning Chr19 were obtained with a moderate coverage of Chr19 (∼8×). Because the sequencing libraries were amplified from single molecules, there are technical issues such as amplification bias and library coverage, which should be investigated and alleviated in further optimization of the experimental protocols.
Detection of Indels. Sequencing reads were aligned to the reference sequence (GRCh37) using the phaster program of the next_phred package as described in the previous sections except that indels of up to three nucleotides are set to be allowed through the program parameters. Positions where the indels occur were identified, and SNP scanning of these positions was conducted similarly as in the whole-genome SNP scan described previously except that, to compensate for the increased leniency in alignments allowing indels, more stringent criteria are used in conditions (ii) n1 ≥ 5, n1 − m1 ≥ 3, and n1/m1 ≥ 1.5, and (iii) n2 ≥ 5, n2 − m2 ≥ 3, and n2/m2 ≥ 1.5. The numbers of parental allele-specific indels identified are shown in Table S5 .
